Introduction
The discovery and subsequent development of molecular nanomagnets (single-molecule magnets, SMMs; singlechain magnets, SCMs; single-ion magnets, SIMs) have led to a fascinating intermediate regime between the realm of paramagnetism and bulk magnetism. Below the so-called blocking temperature T B , the magnetization reversal of a molecular nanomagnet is efficiently blocked owing to an effective energy barrier U eff , and magnetic hysteresis of purely molecular origin can be observed. Furthermore, quantum properties, such as quantum tunnelling of the magnetization and quantum interference, were observed in these systems, leading to the potential applications of molecular nanomagnets in molecule spintronics and the future generation of information storage and quantum computing [1] [2] [3] .
Ever since the discovery of the first SMM, namely the Mn 12 -acetate compound, considerable efforts have been devoted to the development of this fascinating area, aiming at the enhancement of both the T B and U eff [1, 4] . However, the record of the energy barrier of the SMMs was held by the first Mn 12 -acetate compound for more than a decade until the discovery of the Mn 6 compound [5] . To obtain SMMs with high U eff and T B , highly Ising-type anisotropy is required for most of the time. Magnetic centres with first-order orbital angular momentum, including 3d metal ions with unquenched orbital angular momenta, 4d/5d metal ions with strong spinorbit coupling (SOC) and f-elements (lanthanides and actinicles), are thus desired [6] . For the 3d metal ions with high anisotropy such as the V III , Cr II , Mn III and Co II centres, the Mn III ion is of particular importance and is the most important source of the reported SMMs, including the Mn 12 family. Recently, the Co II and Fe II compounds in an axial crystal field have been of particular interest owing to the observation of slow magnetic relaxation with considerable energy barriers in some compounds with only one metal centre [7, 8] . Meanwhile, the lanthanide centres have also been of particular importance since the discovery of the first SMM containing 4f centres in 2003 [9] . Since then, 4f-metal-based SMMs have been developed very quickly and numerous SMMs (including both the 3d-4f and pure 4f clusters) and SIMs with considerably higher U eff and T B have been reported in the past few years. Significantly, studies on the lanthanide ions have led to an enormous increase in both the U eff and T B : several hundreds of wave numbers for U eff and 14 K for T B [10, 11] . Recently, the SMMs with actinide became attractive systems with interesting magnetic properties [12] . Besides these two sources of anisotropy, the incorporation of the 4d/5d metal ions with strong anisotropic coupling has also been explored. Owing to the diffuseness of the 4d/5d orbitals and the strong SOC, the magnetic interactions are usually much stronger than in the case of 3d ions with a highly anisotropic nature. Therefore, SMMs of 4d/5d metal ions are expected to have higher U eff and higher T B than their 3d congeners, as has been shown by several limited examples [13] .
In understanding the magnetic behaviour of 3d-ion-based SMM clusters, the giant spin model is a basic assumption. In principle, a multi-spin Hamiltonian can be derived taking into account all exchange interactions and the SIM anisotropies. However, the Hilbert space is very large, and much of the information is not that important; for example, it is seldom of any significance whether there is a specific SIM anisotropy property in the cluster. Besides, the exchange coupling constants are not well known. As a result, the giant spin model is often used to describe splitting of the ground spin state multiplet in an effective way. It is a normal procedure to fit the experimental data, magnetization or electron magnetic resonance, etc. to the giant spin Hamiltonian to obtain the anisotropy parameters, and to analyse the magnetic behaviour of SMMs [14, 15] .
Normally, the magnetic anisotropy properties of SMMs are described by a spin Hamiltonian with the axial anisotropy parameter D and the transverse parameter E, and their corresponding higher-order anisotropy parameters B k n . However, the giant spin model breaks down when dealing with lanthanides. The magnetic properties of lanthanide ions are dominated by the internal nature of the f orbitals. Different from the 3d orbitals of transition metal ions in the ligand field and p orbital of radicals, f orbitals have strong unquenched orbital angular momentum and effective SOC [16] . Owing to the SOC, the total angular momentum J, instead of the L and S, becomes the best quantum number. As a result, the giant spin model that is based on the spin operator cannot be used to analyse the magnetic properties of a system containing lanthanide.
To further our understanding of lanthanide-based molecular magnetism, the properties to be investigated require a very detailed study of the order as well as the separation of the low-lying f states, and subtle experimental techniques are required as well as the help of ligand field theory. The splitting of the ground-state multiplet of a single lanthanide ion 2S+1 L J can be described by the breaking of the spherical symmetry by the coordination field (also known as the ligand field). The resulting energies can be calculated by applying the irreducible tensor method, which is based on the idea that the effect of the ligands is modelled by a potential represented by the sum of the spherical harmonic operators, whose matrix elements can be calculated by the corresponding theory [17] .
In the past several years, researchers in China have contributed significantly to improve our understanding of the physics and to further develop rational synthetic strategies for better SMMs. In this review, we will focus mostly on the published results on molecular nanomagnets, including SMMs, SIMs and SCMs, from researchers in mainland China. Rather than trying to cover all of the reported results, we will try to use some selected examples to illustrate the development of molecular nanomagnets as a result of the contribution of the Chinese researchers.
Representative molecular nanomagnets (a) The development of single-molecule magnets (i) Single-molecule magnets with only d-block metal centres
To synthesize an SMM containing only 3d metal centres, we used the self-assembly process that is widely described in the literature. However, two slightly different strategies were used. This first one was the serendipitous assembly approach frequently found in metal-oxo clusters. The general synthetic approach is to build up the oxo-type cores in the presence of the right metal centres with high anisotropy and suitable organic ligands. A suitable choice of organic ligand and bridging ligand between the metal centres is also crucial to the final products. In this way, a lot of SMMs with only 3d metal centres, such as the Co 4 , Fe 4 , Co 5 , Co 7 , Co 12 , Mn 15 and Mn 22 compounds, were reported by groups in China [18] [19] [20] [21] [22] [23] . Although these compounds are indeed SMMs with interesting structures and magnetic properties, the systematicness of these compounds and the control of the products are generally poor. Here, we will illustrate a series of interesting results by a whole series of Co 7 compounds, which show some general structural types with different types of ligands. Of course, all the cobalt centres are in the +2 oxidation state and are paramagnetic.
Structurally, we will discuss two different topologies of the Co 7 clusters. The first one is a planar Co 7 disc consisting of a central cobalt ion surrounded by a ring of six cobalt ions. It can be represented by a closest-packing arrangement of donor nitrogen/oxygen atoms, which serve as single-atom bridges between the Co 2+ centres with a local S 6 symmetry. With the terminal chelating co-ligands benzylpiperazine (bzp), 2-sulfanyl-3-pyridinolate (mpol) or 2-hydroxy-[1,2-di(pyridin-2-yl)] ethane-1-one (hdeo), a series of Co 7 clusters [Co 7 (bzp) 6 (5) were synthesized by Gao and Zeng's groups (figure 1). The bulky ligands either cap every Co 2+ centre (for bzp) or bridge the adjacent outside Co 2+ centres with the oxygen atoms (for mpol and hdeo). The μ 3 -OH/CH 3 O/N 3 ligands bridge all the Co 2+ centres, and efficient ferromagnetic (FO) interactions between the cobalt centres were found, which result in the ground-state spin S T = 7/2 (efficient S = 1/2 for Co 2+ at low temperature). For those compounds containing the end-on (EO) azide bridges (1, 2 and 5), slow relaxation at both zero and non-zero DC fields was observed. However, micro-SQUID measurements on the single crystal of 1 revealed a thin hysteresis and suggested that it is not a real SMM. The main reasons are likely to be the significant spin-orbit interaction and the rhombic zero-field splitting parameter E [24] [25] [26] .
The second topology of the Co 7 cluster contains two [Co 4 (μ 4 -O)] 6+ tetrahedra sharing a common apex. The compound, [Co 7 (μ 3 -OH) 2 (bhqe) 3 (H 2 O) 6 ] (6, H 4 bhqe = 1,2-bis(8-hydroxyquinolin-2-yl)ethane-1,2-diol), was reported by Zeng et al. [27] . The Co 1 centre is coordinated by six μ 3 -alkoxo oxygen atoms from three bhqe 4− anions, and the six symmetryequivalent Co 2 atoms are arranged in a staggered fashion, three up and three down along the c-axis, sandwiching the Co 1 (figure 2). Magnetic measurements revealed the FO coupling between nearest-neighbour cobalt ions and the SMM behaviour. Interestingly, the relaxation time of this compound deduced from AC measurements presents two activated regimes, τ 1 /k B = 21(4) K, τ 1 = 2.7 × 10 −7 s, and τ 2 /k B = 13(8) K, τ 2 = 3.9 × 10 −6 s, respectively. The appearance of the cross over in the Arrhenius plot is similar to the observed SCMs and associated with finite-size effects, and has been predicted and experimentally observed for systems with a slow relaxation of single monomer units.
The second strategy for the synthesis of the 3d-metal-based SMMs is the step-by-step approach, also called the building block approach, which has been widely used in the area of coordination chemistry and molecule magnetism. The general idea is to use the preformed mononuclear or polynuclear species with well-known structures as a 'complex as ligand', such as the [M(CN) n ] m− and the [M(ox) 3 ] 3− , to generate molecular clusters. Introducing capping organic multi-dentate ligands as blocking groups into the metal-cyanide systems, it may direct the assembly of specific low-dimensional molecular structures, some of which could be SMMs provided the magnetic anisotropy is suitable. Researchers in China have also contributed in this area. Using organic-ligand capped tri-or tetra-cyanometalates, for example [(Tp)Fe(CN) 3 ] − (Tp = tris(pyrazolyl) borate), as building blocks, Zuo et al. [29] prepared and characterized a series of new heterobimetallic clusters, including rectangular tetranuclear, trigonal bipyramidal, octanuclear box-like and face-centred cubic 14-nuclear clusters, some of which indeed show SMM behaviours. In one of their compounds, the authors demonstrated that, despite the apparent O h symmetry of its core structure, the facecentred cubic cluster Fe 6 24 ] 4+ (7) , is actually an SMM [28] . By reducing the symmetry of the system, they successfully prepared another trigonal bipyramidal Fe 2 [29] . Furthermore, Zuo et al. [30] performed other reactions in order to obtain conductive SMMs or molecular magnetic semiconductors by introducing the π-conjugated sulfur-rich ligands, such as 4,5- [10, 40] dithiino [20,30-b] [31] .
Considering the contribution of the later transition metal centres to the magnetic anisotropy, the 4d and 5d metal centres attracted much attention in the area of high T B SMMs. Owing to the synthetic difficulty of the 4d and 5d compounds, the SMMs based on the heavy metal centres are still very limited compared with the vast amount of 3d analogues [32] [33] [34] [35] [36] [37] [38] [39] [40] . In this respect, the building block approach, especially using the cyanometalates, was proved to be of crucial importance. As a matter of fact, the first well-documented example of a cyano-bridged SMM was indeed a 3d-4d compound of K[(Me 3 tacn) 6 MnMo 6 (CN) 18 ](ClO 4 ) 3 [36] . Along this line, Song et al. [37] [37] . After this work, several other SMMs with the metal combinations Ni 9 W 6 and Ni 9 Mo 6 were also reported by some other groups [38, 39] . Interestingly, to determine the origin of the magnetic anisotropy of these two clusters, density functional theory calculations were performed on these compounds by another group in China, and cobalt was proposed to be the main source of the required magnetic anisotropy [40] .
(ii) 3d/2p-4f heteronuclear single-molecule magnets
The lanthanide centres have large magnetic moments and, most importantly, very large magnetic anisotropy owing to the orbital contribution. Thus, they are very promising for the construction of SMMs with enhanced properties. However, one of the major drawbacks of the lanthanide spins is the weak magnetic interaction between the f electrons, which are shielded by the outside s-and d-orbitals. To achieve stronger magnetic interactions organic radical species with 2p spins, which can directly bond the free p electrons to the 4f centres, and 3d metals were used to couple with lanthanide ions. The first series are the N figure 3 , the radical ligand coordinates to the lanthanide ion through the oxygen atom of the N-O group and the nitrogen atom of the pyridine ring in a chelating way. DC magnetic susceptibilities show that the Ln III ion interacts ferromagnetically with the nitronyl nitroxide radical. Compound 15 shows magnetic slow relaxation under a static magnetic field owing to the quantum tunnelling and compound 14 is indeed an SMM with an effective anisotropy barrier /k B = 17.1 K, although a temperatureindependent relaxation was also observed at low temperatures owing to the quantum tunnelling of magnetization (QTM) [42] . Another strategy to increase the magnetic coupling with the lanthanide centres is to introduce the 3d metal centres to form a 3d-4f heteronuclear compound. This is actually a fairly developed area, and numerous 3d-4f compounds have been reported in the literature [6] . The initial studies along this direction were focused on the realization and interpretation of the magnetic interactions between the 3d and 4f centres. However, because the first 3d-4f SMM [Cu II LTb III (hfac) 2 ] 2 (H 3 L = 1-(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxy-benzylideneamino)-ethane) was reported in 2004, one of the main goals in was to synthesize the 3d-4f SMMs, and great success has been achieved in this area [43] . Many 3d-4f compounds with different combinations, including the CuTb, Cu-Dy, Fe-Dy, Co-Dy, Mn-Dy, Ni-Dy and so on, have been reported. More detailed results of these 3d-4f SMMs can be found in a review paper [6] . In China, this area has also attracted a lot of attention and produced many interesting 3d-4f SMMs, such as the Mn 4 4 , forming the Fe 12 Sm 4 core. Slow relaxation at low temperature with an effective energy barrier of 16 K and τ 0 = 2 × 10 −8 s (figure 4b) and a stepped hysteresis loop of the magnetization at 0.5 K were observed (figure 4c). Furthermore, Fe 12 10 (mpea) 8 
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(iii) Single-molecule magnets composed of only 4f ions
After the discovery of the lanthanide-based SMMs, there have been many exciting results reported. We have discussed in §2a(ii) the SMMs with 3d/2p-4f metal centres, and we will discuss in §2b the subject of the SMMs with only one metal centre, namely the single-ion magnets. In this section, we will discuss only the multi-nuclear SMMs with 4f metal ions.
Owing to the increasing interest in the lanthanide-based SMMs, numerous reports appeared in the literature with various nuclearities. Most of these compounds show slow magnetic relaxation, and the energy barrier for the magnetization reversal is as high as 600 cm −1 . However, the most interesting SMMs with enhanced properties seem to be small clusters with nuclearity in the range of 2-6. The overall anisotropy seems to decrease when the clusters get bigger, which might be due to the cancellation of the individual anisotropy of the lanthanide centres. Owing to the limited length of this review, we will mainly discuss some dinuclear (Ln 2 ) and trinuclear (Ln 3 ) species here.
There have been a lot of reported examples of the Ln 2 systems, especially those containing two Dy 3+ centres. Owing to its relative simplicity, experimentally and theoretically, the Dy 2 compound is a very good platform to study the magnetic interactions between the lanthanide centres and its influence on the SMM properties. There are also many interesting results reported by researchers in China. In 2010, Liao and co-workers [48] and Tang and co-workers [49] reported two Dy 2 compounds, where the Dy 3+ centres were bridged by an oxalate anion or a pyrazine ligand. Both of these two compounds show slow relaxation at low temperatures. However, a fast relaxation process, resulting most probably from QTM for many 4f-based SMMs, occurs for both compounds below around 3 K. The magnetic coupling between the Dy 3+ centres was found to be weak FO for the oxalate-bridged compound. In 2011, Tang and co-workers [50] reported an asymmetric Dy 2 compound, Dy 2 ovph 2 Cl 2 (MeOH) 3 ](MeCN) (19) , where the Dy 3+ centres were linked by the alkoxido groups of two ovph 2− ligands (H 2 ovph = pyridine-2-carboxylic acid [(2-hydroxy-3-methoxyphenyl)methylene] hydrazide) and were ferromagnetically coupled. In the high-temperature regime, blockage of the magnetization occurs at individual Dy 3+ sites owing to the individual single-ion anisotropy, and two relaxation processes were observed. However, at low enough temperature, the Dy 2 dimer enters the exchange-blocking regime. The high axiality and Ising exchange interaction, which is mainly due to the high axiality of the Dy 3+ ions, efficiently suppress the QTM and increase the relaxation time by three orders of magnitude.
As for a trinuclear cluster, two different topologies, either linear or triangular, can be prepared. From the magnetic point of view, these two structural types are fundamentally different, because the triangular species might lead to a spin frustration and even spin chirality. Researchers actually produced compounds of both structural types. As for the linear Ln 3 compounds, Tong and co-workers [51] reported a family of linear Dy 3 and Tb 3 clusters with a general formula of [Ln 3 (MeOsalox) 2 (MeOsaloxH) 4 
In these compounds, all of the lanthanide centres were bridged by the two doubly deprotonated [MeOsalox] ligands and two of the four [MeOsalox] ligands through the N,O-oximato groups and the phenoxo oxygen atoms. Magnetic measurements revealed the FO coupling between the Dy 3+ centres, whereas antiferromagnetic (AF) interaction is observed for the Tb 3 compounds. Although ab initio calculations on these compounds revealed the strong Ising anisotropy of all the magnetic centres, slow magnetic relaxation was observed only for the Dy 3 compounds.
As for the triangluar Dy 3 systems, the magnetic properties are of particular interest owing to the spin frustration, spin chirality and toroidal moment. In 2006, Tang et al. [52] reported two Dy 3 triangles, with the formula of [Dy 3 (μ 3 -OH) 2 (21) (figure 5a). The Dy 3+ centres were bridged by oxo-bridges. Although the magnetic measurements on these compounds revealed their almost diamagnetic ground state, slow relaxation of the magnetization was observed in the AC susceptibility between 2 and 20 K. It was proposed that the magnetic relaxation is associated with the excited state. Detailed magnetic measurements on the oriented single crystals and ab initio calculations indeed revealed that the Dy 3+ centres in these triangle compounds are actually very anisotropic with g-values close to the theoretical value of 20 for a pure Ising spin. The anisotropic axes of the Dy 3+ ions lie in the plane of the triangle at 120 • from each other. Interestingly, these Dy 3 compounds with toroidal moment can be efficiently coupled together to form the Dy 6 compounds, where the Dy 3 triangles were linked together through either a vertex-to-vertex or an edge-to-edge arrangement [53, 54] . The non-magnetic ground state of the Dy 3 triangles and also the SMM behaviours were retained for both of these Dy 6 compounds. Magnetic interactions between these Dy 3 triangles efficiently coupled these triangles together, ferromagnetically or antiferromagnetically, which leads to an increase in the temperature of slowing down of the magnetic relaxation. At the same time, the strong magnetic coupling via a μ 4 -O 2− ion stabilizes two similar anticlockwise toroidal moments, which results in the very large toriodal moments and it is believed to be attractive for applications in multi-ferroic materials. In order to further miniaturize the molecular devices, using one or a few magnetic molecules such as SMMs to generate materials which also show ferroelectric properties is believed to be particularly attractive. Very recently, a multi-functional trianglar Dy 3+ compound, (22) , was reported by Cheng and co-workers [55] . The compound crystallized in an acentric space group Pna2 1 , belonging to one of the 10 polar point groups. This compound exhibited not only SMM behaviour with a two-step slow relaxation of the magnetization at low temperatures with characteristic hysteresis loops, but also dielectric hysteresis loops and a phase transition with the dielectric anomalies at 470 K. Different from the triangular Dy 3 species discussed above, this Dy 3 compound exhibits a non-vanishing magnetic moment, originating from the fact that the three Dy 3+ ions form an isosceles rather than an equilateral triangle. Thus, the local magnetic moments in the ground Kramers doublet do not compensate for each other any more. The interesting finding is that both SMM behaviour and ferroelectricity are observed in this single non-oxide material. Although the SMM behaviour and the paraelectric-ferroelectric phase transition occur at completely different temperature regimes with different origins of the mechanism, this result still sheds light on a synthetic route to generate molecular multi-ferroic materials (figure 6). Another class of molecular nanomagnets is SCMs, which are composed of magnetically isolated chains that can be individually magnetized and the magnetization can be frozen in the absence of an applied magnetic field. Actually, these SCM materials are not real magnets with threedimensional magnetic ordering and remain in their paramagnetic state at any finite temperature, as it is well documented that purely one-dimensional systems exhibit long-range ordering only at T = 0 K. Nevertheless, the large uniaxial anisotropy of the chain promotes long relaxation times, and the system can behave as a magnet [3, [56] [57] [58] . The original motivation for constructing SCMs is to increase the blocking temperatures of SMMs, which has been viewed as an important step in the miniaturization process of future memory devices. And this is the reason why the synthesis and characterization of SCMs have quickly become a very active field. Like SMMs, SCMs also show slow magnetic relaxation that is associated with a sort of superparamagnetic behaviour [59] . And their magnetization dynamics follows the thermally activated Arrhenius law. The experimental Arrhenius plots can be obtained by either AC susceptibility data or the decay of the DC magnetizations. Although the magnetization dynamics of SMMs and SCMs have similar requirements and obey the same law, the physical mechanisms are different. The dynamics of SCMs obeys the model of Glauber dynamics (GD), which was originally developed for a simple one-dimensional Ising FO infinite chain [59] . Its relaxation process is not only dependent on the single-ion anisotropy but also contributed by the intrachain interaction, the reversal of one spin in the chain will cost energy of = 4JS 2 owing to the magnetic interaction J between it and its two neighbours (figure 7a). And this is the reason why strong intrachain interaction is expected in SCMs. Furthermore, the above-mentioned dynamics is expected only for infinite chains without any defects and impurities that can interrupt the chains to finite size and strongly influence the dynamics. For finite-sized SCMs, reversal of the spin close to a defect site cost half the energy of those inside the chain, because nucleation in a regular site breaks two bonds and = 4JS 2 , whereas nucleation on a site which has a non-magnetic neighbour costs only = 2JS 2 (figure 7b). The two regimes can manifest themselves in the same sample at different T. At high T, the spin correlation length ξ is shorter than the average chain length L, domain walls are already present and spin flip then occurs with = 4JS 2 (figure 7c). At low T, on the other hand, ξ is much longer than L, and nucleation occurs at the chain edges, where = 2JS 2 . This passage from one regime to the other appears in the Arrhenius law as a halving of the slope below a certain temperature [56] .
As mentioned above, according to Glauber's theory, the main features needed to observe SCM behaviour are a large uniaxial magnetic anisotropy, strong intrachain interaction and negligible interchain interactions. The large uniaxial magnetic anisotropy and the strong intrachain magnetic interaction block the magnetization of the chain to promote long relaxation times and the weak interchain interaction hampers the transition to three-dimensional magnetic ordering. Actually, the origin of anisotropy in SCMs is associated with anisotropic building blocks raised by the anisotropy of the spin carrier, and the synthetic approaches to building SCMs are to use anisotropic spin carriers, such as Co 2+ , Ni 2+ , Mn 3+ , Fe 3+ and lanthanide ions, assemble them by using appropriate bridging ligands as effective magnetic couplers into onedimensional chains, and use suitable diamagnetic separators so as to make these chains well magnetically isolated.
As mentioned above, magnetic anisotropy plays a very important role in SCMs, and the anisotropy of one system usually comes from the spin carriers. So, we classify SCMs by anisotropic magnetic carriers and will discuss them in detail as below.
(i) Co 2+ -based single-chain magnets Co 2+ ions in octahedral coordination environments are usually considered as anisotropic spin carriers owing to their strong SOC. The orbital contribution and distortion of coordination geometry around Co 2+ ions usually result in an effective spin S = 1/2 with highly anisotropic g-values at low temperature. And many Co 2+ -based SCMs, including the first SCM of Co(hfac) 2 (NITPhOMe), have been reported [60] .
Although Glauber suggested that ferromagnetically coupled spin carriers with strong anisotropy would show slow relaxation of magnetization in 1963, the first real homospin FO SCM, Co(bt)(N 3 ) 2 (23) , was reported in 2003 by Gao and co-workers [61] . In this compound, the anisotropic Co 2+ ions are bridged by double EO azido ligands, forming a one-dimensional structure in which there are three independent octahedral Co 2+ sites, leading to a helical figure 8b ). And the chelating bulky 2,2 -bithiazoline (bt) ligands make these chains magnetically isolated. This fulfils the conditions suggested by Glauber for SCMs exhibiting slow magnetic relaxation. The relaxation time of the system was studied using AC susceptibility measurements above 1.8 K. As shown in figure 8c, strong frequency dependence of the χ M and χ M of AC susceptibility is observed. The relaxation time deduced from the AC data follows an Arrhenius law with τ 0 = 3.4 × 10 −12 s and E/k B = 94(2) K. In addition, the heat-capacity measurements do not show any λ peak below 1.8 K, which excludes any spontaneous moment and also supports the SCM behaviour of this compound ( figure 8d) .
Enlightened (25) , are reported by Gao and Bu by using a long ditopic spacer as a magnetic separator [62, 63] . Compared with the previous Co(bt)(N 3 ) 2 SCM, the connection between the Co 2+ ions is similar; however, the chain structure is quite different in 24 and 25. These two compounds have only one unique Co 2+ centre, and the remarkable feature is the perfectly straight alignment of metal ions within the chain. This alignment makes the easy axis of all Co 2+ ions point in one direction without reducing the magnetic anisotropy, probably resulting in a strong magnetically anisotropic Ising chain. Actually, magnetic studies performed using single crystals revealed that the magnetization along the a-axis is about 100 times larger than that along the other two axes, indicating the Ising-type magnetic anisotropy in 24 [62] .
In the above two examples, EO-azido is used as a magnetic coupler to construct SCMs owing to its contribution to FO interaction. Besides azide, other ligands such as carboxylate can also transmit magnetic coupling efficiently and carboxylate-bridged SCMs have also been reported. Chen and co-workers [64] reported a layer compound Co(trans-1,2-chdc) (26) that exhibits slow magnetic relaxation. In this compound, carboxylate bridges Co 2+ to form a paddle-wheel chain, and the chains are further connected by cyclohexane groups, resulting in a two-dimensional layer structure. From the magnetic point of view, the layer compound can be described as a magnetic chain compound in which the carboxylate bridges serve as an FO magnetic coupler, and the diamagnetic cyclohexane groups act as spacers to make these chains magnetically isolated. The compound shows slow magnetic relaxation with two relaxation processes, which is in agreement with the observed finite-size effect halving the Glauber activation barrier for SCMs.
In the above-mentioned SCMs, only one type of magnetic pathway is involved, and a simple type of spin structure is expected. The combination of different pathways in one chain can result in SCMs with various chain/spin structures and the construction of multi-function SCMs. Gao, Cao, Tong and co-workers reported two homospin ferrimagnetic (FI) SCMs, [Co 3 (bime) 2 [67, 68] . The SCM behaviour of 29 can be switched on and off by the insertion and removal of guest water molecules, and this process is a reversible and singlecrystal-to-single-crystal (SCSC) one, which provides another way to control the interchain magnetic interaction of SCMs [67] . For 30, the SCM behaviour can be reversibly switched to metamagnets with modified slow magnetic relaxation. However, the transition is not an SCSC one [68] . (31) , in which the Co 2+ ions are connected by both carboxylate and methoxy groups to form dinuclear and tetrahedral units and these units are alternatively linked to form a one-dimensional chain with a complicated chain structure and spin frustration. This compound fulfils the requirements for GD and shows two relaxation processes, which are due to the finite-size effect halving the Glauber activation barrier for SCMs [69] .
(ii) Mn 3+ -based single-chain magnets
Besides the Co 2+ ion, another possible spin carrier that exhibits easy axis magnetic anisotropy is the Mn 3+ ion. Mn 3+ ions are used in the SCM field because of its large spin, S = 2, and the Jahn-Teller elongation of the coordination octahedron that induces large single-ion easy axis anisotropy.
Lau and co-workers [70] Besides the coordination band, weak interaction can also transmit magnetic coupling that is helpful for the construction of SCMs. Recently, Wang and co-workers [72] reported an SCM of [Mn(tpfc) (MeOH) ] · H 2 O (35) constructed by supramolecular π -π stacking. The antiferromagnetic coupling was found between the spin carriers and spin canting occurred at low temperature to give net spin, which is essential for the observation of slow magnetic relaxation in a one-dimensional system.
The above-mentioned Mn 3+ -based SCMs are all built by using mononuclear anisotropic spin carriers, and magnetic clusters with strong anisotropy are also good candidates for synthesizing SCMs. Tao, Gao and co-workers [73, 74] [76] . Studying the magnetic properties of these four isostructural SCMs with similar magnetic interaction and different magnetic anisotropy helps us to understand the exact effect of magnetic anisotropy on the overall magnetic relaxation process. Consequently, 40 containing Dy 3+ has the largest energy barrier of 58.2 K (table 1) .
(c) The development of single-ion magnets
As discussed in the previous sections, a large number of investigations have been carried out into ways to improve the blocking temperature of SMMs. It is important to increase the relaxation energy barrier, which is determined by the uniaxial anisotropy property and the ground state. It has been reported that some SMMs are discovered with a large ground spin state; nevertheless, the relaxation is not that slow owing to the non-obvious uniaxial anisotropy [77] . It is very complex to study the conditions that determine anisotropy as well as zero-field-splitting properties [78] , and understanding the nature of the local anisotropy of SMMs with more than one spin carrier is always confused by the magnetic coupling between spin centres as well as the random orientation of single-ion anisotropy axes. As a result, it is of great importance to study the SMMs with only one spin carrier, which are called SIMs. However, only one represented SIM with a transition metal ion has been reported [7] ; the other transition complexes with only one magnetic centre show slow magnetic relaxation in the presence of a static magnetic field. This is due to the fast QTM in the absence of a DC field. In this sense, lanthanide-based SIMs are well developed and have the advantage of an unquenched orbital moment at high coordination geometry, which is able to prohibit the fast tunnelling of magnetization between ground states. [67] . showed evidence of slow paramagnetic relaxation. This behaviour was tentatively attributed to spin frustration, which is incrementally unveiled by the external magnetic field [80] . However, because the coupling between Nd 3+ ions (1 nm separation; figure 10a) should be very weak, it is essentially an 'isolated-ion' or 'isolated-ion-like' system. In this respect, an explanation for the origin of DC-field-induced relaxation might be the lifting of the Kramer's degeneracy by the magnetic field. Anyway, this seems to be a rather general phenomenon in many weak-coupled or isolated magnetic molecular systems [81] [82] [83] .
Ishikawa and co-workers [84] discovered similar field-induced magnetic relaxation in isolated lanthanide mononuclear compounds. This phenomenon is thought to be caused by the elimination of a fast relaxation path, which is only effective for the Kramers doublet ground states in near-zero field. At higher static fields, the remaining paths such as Orbach and/or direct processes govern the dynamics of the two-level systems comprising spin-up and spin-down states. The non-Kramers complexes were found to have a non-degenerate ground state with large energy gaps from higher states, which is consistent with their fast magnetization relaxation.
(ii) Double-decker single-ion magnets
The first SIM was the bis(phthalocyaninato) terbium or dysprosium anion complex possessing a double-decker structure with the lanthanide local symmetry of D 4d [9, 85] . The slow magnetic relaxation without a static field can be observed for both the pure and magnetic site-diluted samples in the two cases, which clearly proves that the slow magnetization relaxation is the singlemolecule behaviour, rather than intermolecular interactions or magnetic ordering. It should be noted that the temperature ranges in which the magnetization relaxations are observed are significantly higher than those in any of the 3d-metal-cluster SMMs and that the SMM behaviour was not observed for the Pc double-decker complexes with other heavy lanthanides (Ho, Er, Tm and Yb).
A similar local symmetry of Er III was reported to be a new SIM by Coronado and coworkers [86, 87] , where the Er III ion with a point group of D 4d is deposited into a tungsten-based polyoxometallate. Recently, the same group reported similar systems with a fivefold rotation axis on lanthanide as well as SIMs [88] . Figure 11 . (a) The double-decker structure of the (COT)Er(Cp * ); (b) the out-of-phase susceptibility of (COT)Er(Cp * ), two relaxation processes can be observed from 13 to 20 K; (c) magnetic hysteresis at 1.6 K with the sweeping rate from 200 to 700 Oe s −1 . (Online version in colour.)
All the above-mentioned lanthanide-based SIMs have been well investigated with ligand field theory to determine the electronic structure. Ishikawa's research revealed that slow magnetization relaxation originates from the ligand field splitting of electronic structures via the Orbach relaxation process between the two ground states.
The 4f electrons of lanthanide are in the inner shell of the atom and are shielded by the 6s and 5d orbitals. As a result, the static field generated by oxygen or nitrogen is not able to split the microstates effectively. By contrast, the carbanion, for example cyclomultiene, the typical soft base, is able to bind with lanthanide, the typical hard base, with more components of the covalent bond, and this offers the possibility that the cyclomultiene can split the microstates of lanthanide more effectively than the oxygen and nitrogen atoms [89] . Besides, the conjugated cyclomultiene possesses delocalized electrons in a ring, which is able to provide a higher local axial symmetry for lanthanide. Gao and co-workers [90] reported an Er III -containing SIM sandwiched by a cyclooctatetraene (COT) dianion and pentamethylcyclopentadiene anion (Cp * ) (45) , as shown in figure 11a . In the complex, the COT ring is closer to the erbium atom than the Cp * ring, and the rings are not well parallel to each other as they are in most sandwich compounds. It was found that this pseudo-C ∞v influences erbium's electron configuration to generate magnetic properties not achieved before in SMMs: two thermal magnetic relaxation processes (figure 11b) and a magnetic hysteresis loop at a higher temperature range (figure 11c). With these properties and better solubility and sublimation, the erbium complex offers a clue on how to prepare SMMs so that they could be useful. This work has been highlighted by C&En News [91] and NewScientist [92] as the tiniest magnet to date.
Experimentally, the various coercive fields are observed with a sweeping rate over 100 Oe s −1 , and the larger coercive field is favoured by a higher sweeping rate (figure 10c). This behaviour demonstrates that the QTM mechanism is responsible for the absence of a coercive field in persistent mode. When the hysteresis in sweeping mode is performed on a 5% doped (COT)Er(Cp * ) sample, a prominent coercive field as large as 13 kOe at a sweeping rate of 700 Oe s −1 can be recorded [93] .
Besides 45, the Dy (46) and Ho (47) derivatives are found to be SIMs as well, albeit with a faster relaxation rate in the same temperature range. This is because a faster QTM exists. Figure 12a summarizes the quantum tunnelling decoherence relaxation time for 46 (10 −3 ms), 47 (10 −1 ms) and 45 (10 6 ms). This happens to be the sequence of ionic radii with respect to the lanthanide contraction effect.
The two aromatic rings within one molecule are not perfectly parallel to each other. The bending angle versus the ionic radius is plotted in figure 12b , and a nearly linear relationship can be obtained. It is clear that the bending angle increases with increasing ionic radius. The bending of the two aromatic rings destroys the high local axial symmetry of the lanthanide and introduces transverse anisotropy with respect to the bending angle into the system, which works as a perturbation in the Hamiltonian so that the ground states are mixed. It is easy to understand that the larger the perturbation is, the easier the tunnelling of magnetization is able to happen, and the faster the quantum tunnelling of magnetization is. figure 13a) . AC susceptibility at various frequencies and temperatures in the absence of a DC field shows the existence of slow relaxation. Both in-phase (χ ) and out-of-phase (χ ) susceptibilities show a frequency dependence. On cooling, an increase in χ and χ is observed below 5 K, which is attributed to quantum tunnelling effects at zero DC field. The relaxation time is determined to be a cross over at 8 K. The temperature-independent relaxation below T cross could be realized through a quantum tunnelling between the two degenerate Kramers ground states. This type of quantum relaxation behaviour is found in only a few SMM clusters at very low temperature, and there is a unique example of such relaxations in a dense spin system as well [95, 96] .
The frequency-dependent AC susceptibility of magnetic-site-diluted samples reveals the single-ion origin of such slow relaxation behaviour. The tunnelling of magnetization is found to be less prominent when diluted. Quantum tunnelling cannot happen when the Kramers ground states are orthogonal to each other unless a perturbation Hamiltonian that allows the mixing of the two states is introduced [97] . In the present situation, the dipole-dipole interaction may be taken as such a perturbation. By dilution of the sample, as the dipole-dipole interaction is weakened and the quantum tunnelling is suppressed, as is observed.
On measuring the diluted sample, a butterfly-shaped magnetization hysteresis can be observed at 0.5 K (figure 13b). The butterfly-shaped hysteresis loop does not show a remanence or a coercive field. This is owing to the sweep rate (150 Oe min −1 ) of the loop that is slow enough compared with the fast zero-field relaxation between the two ground states.
In order to investigate the difference between Dy III and other lanthanide complexes, the fine electronic structures of heavy rare earth elements from Dy to Er are explored by ligand field theory using the package code CONDON developed by Lueken and co-workers [98, 99] . The model Hamiltonian for the present single lanthanide ion compound could be expressed aŝ H =Ĥ 0 +Ĥ ee +Ĥ SO +Ĥ LF +Ĥ MF , whereĤ 0 ,Ĥ ee ,Ĥ SO ,Ĥ LF andĤ MF account for the Hamiltonians of zero-level energy, interelectronic repulsion, spin-orbit effect, ligand field effect and Zeeman effect, respectively. By fitting the DC magnetic susceptibility data at 1000 Oe from 50 to 300 K, the fine structures and low energy spectrums of Ln(acac) 3 (H 2 O) 2 (Ln = Dy, Ho, Er) were obtained, as listed in table 2. Of these complexes, 48 is the only example where the quantum number |M J | of the ground state (13/2) is larger than the first excited state (11/2), which suggests that the Dy III complex has Ising ground states.
The lanthanide coordination compounds with β-diketone as ligands are a big family, and the ligand field is easy to tune in geometry and strength by substitution of different groups on the two side β-position carbons. Tang and co-workers [100] reported two other Dy III compounds with the Dy III coordination environments corresponding to an approximate D 4d LF symmetry. They used thienyl-trifluoro-acetonate as the β-diketone, and 2,2 -bipyridine (bpy) (49) and phenanthroline (phen) (50) as the by-ligands (figure 14a). These two compounds are reported to be SIMs as well, and the magnetic properties are similar to that of 48. However, the structure-magneto relation is interesting if the structures of the two compounds are carefully compared.
In both complexes, the Dy III coordination environment corresponds to an approximate D 4d LF symmetry with similar slightly longitudinal compressions, but different deviation from the ideal square-antiprismatic coordination polyhedron as implied by the remarkable differences in skew angles (figure 14b). The disparity in quantum tunnelling rates is probably due to this subtle but crucial structural difference between the respective structures. These structural differences might affect the nature of high-order transverse anisotropy through the crystal fields of the cap ligands; therefore, generating dissimilar dynamic magnetic behaviour.
Tian and co-workers [101] reported a series of Dy III -containing compounds with acac as ligands. The Dy ion is located in a similar coordination environment as mentioned above. However, by changing the by-ligand from phen (49) , dpq (50) , to dppz (51), the energy barrier is increased from 64 (49), 136 (50) to 187 K (51) [101] . This may be due to the change in electronic properties on the by-ligand. By different substitution, the electron cloud on the coordination atoms is largely changed, so that the ligand field strength is changed. There are many similarities between SIMs and SMMs, and some scientists consider SIMs to be a special class of SMMs. Nevertheless, some major differences still exist that are worth noting.
The major difference comes from the structure. SMMs are always coordination clusters with more than one magnetic centre, whereas SIMs contain only one magnetic ion, which contributes the magnetic anisotropy alone. The special magnetic property of cluster SMMs demonstrated by giant spin models comes from the magnetic coupling between anisotropic centres, which can be considered as a synergy effect. In the case of SIMs, although very weak interaction between magnetic centres exists, dipole-dipole interactions for instance, magnetic site dilution experiments elucidate that the magnet-like behaviour is indeed of single metal-ion origin, having nothing to do with the coupling.
The second difference is viewed from the quantum tunnelling of magnetization point. The single ion feature of SIMs makes them close to the microscopic scale compared with typical cluster-based SMMs. As a result, the ground-state quantum aspect seems more prominent in SIMs. In some cases, quantum tunnelling of magnetization relaxation between ground states can be observed at temperatures as high as 8 K; this is normally the thermal relaxation region for cluster-based SMMs. Most of the SIMs with magnetic hysteresis show a butterfly shape, which is due to the relatively faster quantum tunnelling relaxation between ground states at near-zero static field at the recording temperature. However, in a typical stair-shaped hysteresis of SMMs, the faster quantum tunnelling of magnetization normally happens between excited states at stronger resonance field rather than low field. This is because the state mixing is always stronger in excited states.
Last but not least, the relaxation mechanism of SIMs and SMMs is different. In the case of SMMs, the magnetization will preferentially lie along one axis of the cluster molecule, while it will require increasing energies to move it further and further away from this axis. Once the SMM becomes trapped into one of the wells, for example after application of a magnetic field, it can escape only by overcoming the energy barrier via thermal activation or by tunnelling through the barrier via a quantum mechanical process. The former mechanism will become very improbable at sufficiently low temperatures, whereas the latter will remain an available channel, irrespective of the temperature. In the SIMs case, the slow relaxation is commonly attributed to the Orbach process between the two lowest lying levels in the fine electronic structure of the lanthanide under consideration. This difference explains why the relaxation energy barrier of SIMs can be much higher than that of SMMs. The barrier of SIMs is, in fact, the energy gap between the ground and the first excited state in the fine electronic structure, which is in the 10 2 cm −1 scale. However, the
